The hairy long-nosed armadillo (Dasypus pilosus) is endemic to the Andes in Peru and rarely studied, thus more investigations are needed. To gain a better understanding of this species' distribution and to facilitate future surveys and conservation management, we compiled available information on specimens of D. pilosus, provided an ecological biogeography perspective of these specimens, and estimated suitable areas for D. pilosus using ecological niche modeling. We compiled 25 specimen records from six departments in Peru and extracted the climatic and elevation conditions for records with coordinates. We concluded that D. pilosus may occupy relatively high elevation sites, hiding in a relatively cool climatic niche at tropical latitude. We suggested possible upper and lower temperature limits for D. pilosus and lower precipitation limit for the genus Dasypus. The ecological niche model estimated that about half of the International Union for Conservation of Nature (IUCN) range map was not suitable for D. pilosus and predicted additional suitable areas outside the IUCN range map in Amazonas and Cajamarca departments, Peru. We recommend that future field surveys or conservation management efforts prioritize regions associated with suitable areas predicted by our model and with species' available records (e.g., Río Abiseo).
of the species from vulnerable to data deficient , and recommended prioritization of investigations on D. pilosus among armadillo species.
In lieu of new data collections, museum specimens are a good resource to study a species' distribution. With the recent and rapid digitization of museum specimens and establishment of electronic databases, specimen information is becoming easily accessible through the Internet (e.g., http://vertnet.org/). Castro et al. (2015) compiled a comprehensive list of specimens available and provided a detailed analysis of morphology and phylogeny for D. pilosus; however, the important perspective of ecological biogeography has been overlooked. Generally speaking, ecological biogeography attempts to explain biodiversity and distribution patterns in relation to ecological factors (Lomolino, Riddle, Whittaker, & Brown, 2010) . One major focus of ecological biogeography is the study of species' geographic distributions and ecological (abiotic) niches (Hutchinson, 1957; Sobero´n, 2007) . Besides the digitized museum specimens, ecological biogeography also greatly relies on geographic information systems (GIS), especially the digitalized maps of various environmental conditions (e.g., climate and elevation). With location data (latitude and longitude) of specimens, one can directly detect the associated environmental requirements. Ecological niche modeling (ENM), or species distribution modeling, is used frequently in ecological biogeography (Peterson et al., 2011) . ENM uses species' occurrence data and environmental layers to estimate potential distributions, which are frequently used for conservation purposes (Bond, Thomson, & Reich, 2014; Feng, Lin, Qiao, & Ji, 2015; Fois, Fenu, Cuena Lombran˜a, Cogoni, & Bacchetta, 2015; Loiselle et al., 2003; Menon, Choudhury, Khan, & Peterson, 2010) .
In this study, we aimed to gain a better understanding of the distribution of D. pilosus based on previously collected museum specimens and methods in ecological biogeography. Specifically, we aimed to investigate three questions. First, how many specimens of D. pilosus have been collected thus far? Second, what ecological information is associated with the collected specimens and does this information match the current literature? Third, where should future surveys focus in order to find this species? Three objectives stemmed from the proposed questions: (a) compiling available information of D. pilosus specimens; (b) interpreting the information of specimens from the perspective of ecological biogeography and comparing our interpretation with current understanding of the species' ecology; and (c) assessing the potential distribution of D. pilosus within its range based on known occurrences and relevant environmental variables to formulate priorities for future surveys or conservation management.
Method

Compiling Species Presence Data
We searched for information of museum specimens and observations through online databases (VertNet, http://vertnet.org/, Retrieved April 1, 2016; GBIF, http://www.gbif.org/, Retrieved September 3, 2016; iNaturalist, http://www.inaturalist.org/, accessed September 3, 2016). We also acquired information on specimens from the primary literature Gardner, 2007; Wetzel, 1982 Wetzel, , 1985 Wetzel & Mondolfi, 1979) . The databases and literature overlapped in documenting several specimens; but when conflicting information occurred or when obvious doubts were raised (e.g., locality description), we used the following decreasing order of authority: literature, museum databases, external experts' opinions, and our own judgments. Our searches of databases and the literature yielded only museum specimen records. We georeferenced records with adequate locality descriptions using GeoNames WMS Viewer (http://geonames.nga.mil/namesviewer/default.asp), Google Maps, or local park maps. When available, we recorded the following information: museum, specimen ID, year collected, country, Peruvian administrative Levels 1-3 (department, province, and district), locality of collection site, latitude, longitude, elevation, and other information such as specimen preparation type and sex. Some records did not have information of administrative units of Peru or had such information but without specifying the level. Therefore, we located the administrative units or protected areas based on specimen coordinates and maps of administrative units of Peru (Retrieved from http://www.diva-gis.org/data on July 1, 2016) and protected areas (International Union for Conservation of Nature and United Nations Environment Programme's World Conservation Monitoring Centre, 2016).
Overlaying Specimens With Environmental Layers
We compiled a list of 25 unique specimens, 21 of which had geographic coordinates (Table 1) . Aiming to gain a better understanding of the species' environmental requirements, we overlaid the georeferenced specimens with three environmental layers: annual mean temperature, annual precipitation, and elevation, retrieved from worldclim.org (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005) at the resolution of 2.5 arc min. We expected the three variables to represent the general, basic information of D. pilosus biogeography.
Ecological Niche Modeling
To estimate the species' potential distribution, we built an ecological niche model in Maxent algorithm (Phillips, Dudı´k, & Schapire, 2004 ) using the georeferenced 
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Mounted skin n/a n/a n/a specimen records and a set of environmental variables (19 bioclimatic variables; Hijmans et al., 2005) at the resolution of 2.5 arc min. Maxent calculates the probability of presence by minimizing the relative entropy between the probability densities of occurrences and the training background in the environmental space (Elith et al., 2006 (Elith et al., , 2011 . Maxent is also known for its robust performance with few occurrences (Phillips & Dudik, 2008) , which fits the situation of this study.
To avoid the issue of sampling bias, we only kept one record per pixel, thus the records retained (12 of the 21) were spatially unique. To consider the dispersal ability in our model (Sobero´n & Peterson, 2005) , we restricted the training area to a two-decimal degree (approximately 220 km at equator) buffer around all spatially unique records, within which we selected 10,000 background points as pseudo-absences for model training. To avoid the influence of predictor collinearity and potential model overfitting, we eliminated bioclimatic variables based on their contributions to the full model and the correlation matrix, following Feng, Anacleto, and Papes¸(2016) . First, we built a Maxent model with all spatially unique presences (12) and all bioclimatic variables (19) using linear and quadratic features and default regularization value, according to an empirical study (Phillips & Dudik, 2008) . Then, we eliminated highly correlated (jrj ! .7) variables while retaining those with high contribution and removing those with no contribution to the accuracy gain of the first Maxent model. This procedure led to selection of three bioclimatic variables (BIO6, minimum temperature of the coldest month; BIO15, precipitation seasonality; BIO16, precipitation of the wettest quarter), which were used to train the final model.
To evaluate the performance of the model obtained with the three selected environmental variables, we split the occurrences into four sets with the ''checkerboard2'' method (Muscarella et al., 2014) and used alternatively three sets as training and the fourth one as testing. The advantage of ''checkerboard2'' over random split is that the former can lessen the influence of spatial autocorrelation and thus leads to more robust evaluation index (Muscarella et al., 2014) . We calculated two evaluation indices: partial area under the receiver operating characteristic curve (pAUC; Peterson, Papes¸, & Soberon, 2008) at the threshold of 5% training omission rate (5% of training presences predicted as absences) and true skill statistic (TSS; Allouche, Tsoar, & Kadmon, 2006) at the threshold of 0% training omission rate. Compared with the traditional AUC, the pAUC evaluates the model performance at high sensitivity levels (percentage of correctly predicted presences), in our case from 0.95 to 1, thus it is more appropriate for ENM that usually adopts threshold approaches ; a value of pAUC > 1 indicates model performance better than random. The TSS considers both sensitivity (percentage of correctly predicted presence) and specificity (percentage of correctly predicted absence) and its value ranges from À1 to 1, while a value > 0 indicates that the model performs better than random (Allouche et al., 2006) . We projected the model to the extent of area surrounding the IUCN range map of D. pilosus. We thresholded the raw prediction of continuous suitability values to binary format (suitable vs. unsuitable) based on the minimum training threshold (0% training omission rate), which identifies suitable areas at least as good as known occurrences (Pearson, Raxworthy, Nakamura, & Peterson, 2007) . To identify possible limiting factors of D. pilosus distribution, we ran the multivariate environmental similarity surface analysis (MESS; Elith, Kearney, & Phillips, 2010) within the predicted absence or unsuitable area using the three climatic variables involved in ENM training (BIO6, BIO15, and BIO16) and specimens' coordinates as the reference group. This procedure identifies the most different environmental conditions that exceeded the conditions associated with specimens' coordinates in the area predicted unsuitable.
Relating Distribution Information With Protected Areas
To provide information for possible future field surveys and conservation management, we overlaid the specimens' coordinates and area predicted suitable with the map of protected areas (IUCN and UNEP-WCMC, 2016) in Peru. We calculated the frequency of specimens and the size of areas predicted suitable associated with each protected area.
Results
We compiled a data set with 25 records of D. pilosus specimens (Table 1 and Figure 1) . The oldest specimen dates to 1833 (NMW-222). In the latter half of the 20th century, D. pilosus was repeatedly collected in the Andes in Peru and the newest specimen was collected in 2013 from Yurac Rume (Huiquilla private conservation area, Tingo district, Luya province, Amazonas department, Peru). The specimens generally occurred in five protected areas and seven surrounding districts (Level-3 administrative unit) in six departments (Level-1 administrative unit).
The tags of five specimens had the elevation of the collection sites, ranging from 2,440 to 3,400 m ( Table 1) . The elevation derived from specimens with geographic coordinates ranged from 2,264 to 3,553 m ( Table 1) . The geographic coordinates of the specimens were representative of temperate climate, with annual mean temperature (BIO1 variable) of 8.9-16.7 C and annual precipitation (BIO12 variable) of 623-1,253 mm. Compared with annual mean temperature and annual precipitation of surrounding background (two decimal degrees buffer area), the known locations for this species appear to represent a narrow two-dimensional environmental space (Figure 2) . We also mapped the differences in two climatic dimensions between the specimens and the projected area to illustrate possible regional climatic limits for this species (Figure 3) .
The performance of Maxent model was better than random, according to pAUC of 1.85 AE 0.01 (mean AE SD) and TSS of 0.20 AE 0.01. The predicted potential distribution had a northwest to southeast extent along the Andes (Figure 4(a) ). Within the IUCN range map, only 49% was predicted suitable for D. pilosus. Outside the IUCN range map, a considerable portion of Department of Cajamarca was predicted as suitable but was disconnected from the main potentially suitable area by a narrow gap of low elevation. Based on the MESS analysis, the majority of the unsuitable area exceeded the range of temperature of the coldest month (BIO6) associated with specimens' geographic coordinates (Figure 4(b) ).
Among the protected areas in Peru, 33 were predicted partly or completely suitable for D. pilosus (Figure 4(a) and Table A1 ). Of the 33 protected areas, 5 had at least one D. pilosus record, while Rı´o Abiseo had the most (5 ; Table A1 ). Table 1 . The green open polygon represents the International Union for Conservation of Nature range map. The green-shaded polygons represent protected areas (names also in green) with specimen records. The blue-shaded polygons represent Level-3 administrative units (district) with specimen records.
Discussion
We compiled information for only 25 specimens of D. pilosus; however, this is the most comprehensive catalog of collected specimens of D. pilosus. The IUCN status of D. pilosus is ''data deficient'' ), but we presume that D. pilosus is not extinct given the recent specimen collected in 2013 (MUSM-CT1312) and the observation record in 2009 (Abba & Superina, 2010) . The species may be rare or have a low abundance, but considering the longtime span of the collecting history (from 1833 to 2013, 181 years), the small number of specimens (25) indicates that limited effort has been invested in studying D. pilosus. Thus, our work provides more support for the proposal of to prioritize D. pilosus in scientific studies, and we hope our work will promote more investigations of D. pilosus.
Compiling locality information broadened our understanding of the distribution of D. pilosus. The species has been found in the Peruvian departments of San Martı´n, La Libertad, Hua´nuco, and Junı´n, but uncertainty was associated with the 2009 observation in Huiquilla, Amazonas (A. M. Abba, personal communication, November 14, 2016; Abba & Superina, 2010 ; but see Wetzel, 1982) . However, we found that two specimens of D. pilosus (LSU-21888 and MUSM-CT1312) have been collected from department of Amazonas, and LSU-21888 was collected well beyond the IUCN range map  Figure 1 ). In addition to these records, a considerable portion of southern Amazonas was predicted suitable by our Maxent model, supporting the possibility of D. pilosus presence in Amazonas. Besides locations in previously reported departments in the literature (Abba & Superina, 2010; Wetzel, 1982 Wetzel, , 1985 Wetzel & Mondolfi, 1979) , we also found a specimen (MUSM-24214) collected from Santa Barbara, a mountain in the department of Pasco. Based on the new distribution information for D. pilosus, we suggest a revision of the IUCN range map.
By associating climate variables to geographic coordinates of specimens, we gained a deeper understanding of environmental requirements for D. pilosus. Elevation recorded on the specimen labels ranged from 2,440 to 3,400 m and the values extracted with the geographic coordinates of specimens ranged from 2,264 to 3,553 m. The two sources of elevation are not identical because the extracted values represent the average elevation of surrounding pixels while the elevation recorded on specimen labels may represent the elevation of the collection site, though not well documented. However, the elevation ranges of the two sources generally described similar patterns. The compiled elevation information generally matched the description of the upper elevation limit for D. pilosus distribution (3,000-3,200 m; Abba & Superina, 2010; Wetzel, 1982) but not the lower elevation (500 m; Abba & Superina, 2010) . Furthermore, low elevation is generally associated with warmer climatic conditions, thus the species' distribution at lower elevation contradicts our finding of temperature requirements for D. pilosus. Thus, we note that revisions of current assumptions of the elevation range for D. pilosus are needed.
The derived temperature requirements of the species, based on the specimen geographic coordinates, showed an intermediate climate profile within the surrounding area (Figures 2 and 3(a) ). The areas predicted unsuitable were most different from georeferenced localities for D. pilosus in terms of coldest temperature (Figure 4(b) ). The range of temperature values associated with the specimens corresponded to a narrow geographic area, thus we propose that D. pilosus is restricted to (or selecting) a temperate to relatively cool niche in the Neotropics. The elongated shape of the D. pilosus distribution could be explained by the upper and lower thermal limits of the species. The distribution of Dasypodidae taxa is directly affected by their physiological characteristics (i.e., low body temperature, low basal metabolism, and high thermal conductance; McNab, 1980) . A limitation on distribution related to temperature seems likely for D. pilosus, similar to the limitation of the distribution of D. novemcinctus by cold temperature in the northern portion of its range (Feng & Papes¸, 2015; Taulman & Robbins, 2014) . The dense fur of D. pilosus may extend In Panel a, the area predicted suitable by the ecological niche model is represented by the blue color, whereas the orange polygons, with numeral labels (Table A1) , represent protected areas either completely or partly suitable for D. pilosus. The multivariate environmental similarity surface analysis calculates the climatic similarity between target localities (area predicted unsuitable) and a group of reference points (coordinates of specimens) based on the three variables used in ecological niche modeling training (i.e., BIO6, minimum temperature of the coldest month; BIO15, precipitation seasonality; BIO16, precipitation of the wettest quarter). The most dissimilar variable of each target locality is shown in Panel b.
its cold temperature tolerance; however, this tolerance is probably still narrow in light of the South American origin of armadillos (Leigh, O'Dea, & Vermeij, 2014) , making the species more likely to be warm adapted than cold adapted (Superina & Loughry, 2012) . Krmpotic et al. (2015) found less adipose tissue in the osteoderms of Dasypodinae than in those of Euphractinae, which may contribute to the high thermal conductance of Dasypodinae and therefore limited cold tolerance. In contrast, McNab (1980) explained the necessity of high thermal conductance to prevent overheating of armadillos in burrows. Therefore, the dense fur may pose an upper thermal limit on D. pilosus by hindering heat dissipation, given that the species' distribution appears to be restricted to a temperate regime, excluding the surrounding tropical climatic conditions. The precipitation requirements derived from specimens used in the current study showed a plausible minimum limit (623 mm; Figures 2 and 3(b)). A minimum moisture limit was proposed for D. novemcinctus (380 mm [Taulman & Robbins, 1996 or 500 mm [Humphrey, 1974] ) as necessary for maintaining a vegetative litter layer with prey items. The same rule seems to fit D. pilosus as well, given the species' suspected dietary requirements of ants and termites . Interestingly, two other Dasypus species (D. kappleri and the extinct D. bellus) have been shown to follow the precipitation limit of 500 mm (Feng, Anacleto, & Papes¸, 2016) . This suggests the possibility that, along with temperature, the distribution of Dasypus taxa is limited by low precipitation which in turn limits prey availability, given the shared adaptation to mymecophagy/insectivory among the species of Dasypus (Wetzel et al., 2007) .
The predicted distribution of D. pilosus did not match the IUCN range map (Figure 1) . A considerable portion (51%) of the IUCN range map was predicted as unsuitable, probably because of temperature regimes that are either too cold or too hot (Figures 2-4) . Additional suitable areas were predicted outside the expert range map. The potential distribution presented here was based on a limited number of specimens of D. pilosus; however, all known specimens were included in the model and we considered the model prediction preliminary but valid. Previous methodological studies have found that Maxent algorithm is robust to low number of presences (from 5 to 25; Hernandez, Graham, Master, & Albert, 2006; Pearson et al., 2007; Wisz et al., 2008) , and with the same number of presences, Maxent model is accurate for narrowly distributed species (Hernandez et al., 2006; van Proosdij, Sosef, Wieringa, & Raes, 2016) . Additionally, applications of ENM have successfully guided field surveys in discovering rare species, and in several cases, these were based on low number of presences (3 presences of a mammal species in Jackson and Robertson, 2011 ; 8 presences of a plant species in Fois, Fenu, Cuena Lombran˜a, Cogoni, and Bacchetta, 2015;  and 14 presences of a tree species in Menon et al., 2010) . The Maxent model in our study was based on 12 presences (representing 21 specimen records), a sample size within the range of those that have led to useful models. Also, D. pilosus has a relatively narrow distribution (Abba & Superina, 2010; Wetzel et al., 2007) and the 12 presences were spread latitudinally throughout the IUCN range map (Figure 1) . The theoretical and practical experiences from previous studies suggest that our prediction could guide future field surveys in a meaningful way (Fois et al., 2015; Hernandez et al., 2006; Jackson & Robertson, 2011; Menon et al., 2010; van Proosdij et al., 2016) . Based on the geographic information we assessed, we suggest that future surveys or conservation management for D. pilosus should give priority to areas predicted suitable within existing protected areas (Table A1) , especially those that have records of specimens (e.g., Rı´o Abiseo). However, after more information is collected, we expect that an updated model could provide a refined potential distribution and guide field survey more efficiently.
Given the reality that the ecology of D. pilosus is unknown, it is worth emphasizing descriptions associated with two specimens. First, MUSM-7504 was a female with four embryos, suggesting that this species might exhibit polyembryony with identical quadruplets, like D. novemcinctus (McBee & Baker, 1982) . Second, MSB-49990 was a juvenile caught on a ridge top, in a hole with three other individuals, indicating that D. pilosus may inhabit high elevations and build burrows, like other Dasypus armadillos (Sawyer, Brinkman, Walker, Covington, & Stienstraw, 2012; Trovati, 2015) . Also, since MSB-49990 was a juvenile sharing the burrow with three other individuals, it is possible that they were from the same litter. Because Dasypus taxa generally show monozygotic polyembryony (Wetzel, 1982) , and they generally do not share burrows except as young litter mates (McBee & Baker, 1982; McDonough & Loughry, 2008; Vizcaı´no & Loughry, 2008) , the two specimens provide evidence for reproduction through polyembryony with identical quadruplets in D. pilosus as well.
Implications for Conservation
The IUCN status of D. pilosus has been changed from vulnerable to data deficient ), thus we suspect that there is little or no specific conservation effort on D. pilosus, probably because of the lack of knowledge for this species. Therefore, we argue that a first step for conservation of D. pilosus is to learn more about it. Our study improves the current state of knowledge of D. pilosus from three perspectives. First, we synthesized the most comprehensive D. pilosus specimen data set to date, and we expect this will facilitate future studies of D. pilosus. Second, we analyzed elevation and climatic requirements of D. pilosus and proposed that the narrow temperature tolerance of D. pilosus is the reason for its restricted distribution. Third, we provided maps of known locations of specimens and predicted potential distribution, together with protected areas in its range. The maps may facilitate future field surveys and conservation efforts. Our study exemplifies the potential of ecological biogeography tools (e.g., GIS and ENM) for use in gaining knowledge of species' distribution and ecology, especially for endangered or lesser studied species. Note. The list of protected areas was compiled from IUCN and UNEP-WCMC (2016). The column ''WDPAID'' represents the protected area original identifier from IUCN and UNEP-WCMC (2016). The column ''mapID'' corresponds to the ID plotted in Figure 4 (a).
